Introduction
Vertical-external-cavity surface-emitting lasers (VECSELs) [1] are of high scientific and industrial interest due to their large fundamental transverse mode output power, scaling with the device radius, the near diffraction limited output beam, and the suitability for intracavity frequency conversion [2] and passive mode locking [3, 4] . Passive mode locking of an optically pumped VECSEL has been demonstrated with a semiconductor saturable absorber mirror (SESAM) [5] in a folded external cavity. After the first passively mode locked VECSEL was demonstrated in the year 2000 [6] , the milestone of nearly 1 W average output power was achieved in 2002 with improved thermal management [7] . The pulses in the early experiments were often strongly chirped, but mode-locking dynamics in VECSELs revealed that a soliton-like pulse-shaping mechanism in the positive-dispersion regime can help to generate short pulses with low chirp. With the aid of intracavity dispersion control, it then became possible to obtain nearly transform limited picosecond pulses with record high output powers of 2.1 W at 4 GHz [4] and 1.4 W at 10 GHz [8] . The pulse width could be u Fax: +41-44-633-10-59, E-mail: keller@phys.ethz.ch significantly shortened to the sub-500-fs regime using faster SESAMs based on the ac Stark effect [9] . The vertical integration of the absorber into one monolithic structure with the gain quantum wells (QWs) is an important step towards higher pulse repetition rates with decreased cavity size and wafer-scale integration. This has been achieved for the first time and is referred to as the mode-locked integrated-externalcavity surface-emitting laser (MIXSEL) [10] . So far, all these devices have been optically pumped, which involves a more complex optical setup. Thus, an important step towards waferscale fabrication of compact ultrafast VECSELs is the design of electrically pumped VECSEL (EP-VECSEL) structures. This is challenging because of optical losses and Joule heating in the doped layers. Nevertheless, continuous-wave (cw) EP-VECSELs have been demonstrated [11, 12] and output powers of up to 900 mW have been obtained with a 150-µm device diameter in multimode operation [13] . Also, mode locking with down to 15-ps FWHM pulse width [14] and a wafer-scale EP-VECSEL with a micromirror and 10-mW cw output power have been reported [15] . So far, the average output power of passively mode locked EP-VECSELs has been limited to 40 mW [16] even though nearly 1 W of average power has been demonstrated at cw.
Although EP-VECSELs have already been demonstrated, there is not yet a systematic methodology of how to design EP-VECSELs. The rather low average power of ultrafast EPVECSELs demonstrated so far suggests that the EP-VECSEL needs to be designed and optimized also for mode-locking operation and not only for maximum cw output power. Many different design guidelines can be found in [17] for verticalcavity surface-emitting lasers (VCSELs), which do not exhibit an external cavity. For these types of lasers, the use of technology computer aided design (TCAD) for the analysis and design is an established approach [18] .
In this paper, we discuss several designs of EP-VECSELs which are compatible with passive mode locking using microscopic simulation. The paper is organized as follows. In Sect. 2 we comment briefly on the numerical approaches we use for carrier transport and optical loss simulation. The successive derivation of the device design and the optimization of the key components is accomplished in Sect. 3. Eventually, Sect. 4 is devoted to concluding the paper and to outline future work.
Applied Physics B -Lasers and Optics

Numerical approach
For the description of bulk carrier transport in the investigated EP-VECSEL structures a standard driftdiffusion model, derived from the Boltzmann transport equation by the method of moments, is applied [19] . Thus, the charge carrier flux equations relating the electron and hole current densities j n and j p to the electron and hole densities n and p and the electrostatic potential Ψ read
with µ n, p being the carrier mobilities, D n, p the diffusion coefficients, and q the elementary charge. The third term in (1) and (2) takes spatially inhomogeneous effective masses m e,h into account, which occur in regions with graded mole fractions [20] . The above equations are completed by the Poisson equation
with the permittivity of the semiconductor ε, the ionized donor and acceptor concentrations N + D and N − A , and the continuity equations
with the total recombination rate R (Shockley-Read-Hall, Auger, and spontaneous recombination). In addition, a thermionic emission model is used to address abrupt heterointerfaces [21] . In a VECSEL the transverse optical mode profile is governed by the external mirror ensuring fundamental (TEM 00 ) transverse mode operation. Since the influence of the refractive-index distribution in the cavity on the transverse mode is much smaller than that of the external mirror, we can approximate the fundamental transverse mode by a paraxial Gaussian beam and decompose the electrical field into a longitudinal profile times the TEM 00 mode [22] . The calculation of the longitudinal mode profile is carried out using a one-dimensional transfer-matrix method and optical losses due to free-carrier absorption (FCA) are taken into account via a complex propagation constant for the calculation of the mirror reflectivities. The investigation is limited to operation below and at threshold, with the aim to optimize carrier injection for maximum fundamental transverse mode gain. Hence, self heating of the device is not considered.
Device design
The design of an electrically pumped VECSEL is quite demanding, since it has to fulfill several partially competing device constraints. Figure 1 shows the sketch of the semiconductor part of an EP-VECSEL identifying the constitutive device components. The external cavity is indicated by the curved mirror on top. Note that the linear external cavity shown here is just an example and one might apply any other external-cavity design (e.g. Z-and V-shaped external cavi- ties [4] ). In the following, we will focus on the semiconductor part of the VECSEL. A very important issue for fundamental mode operation is the confinement of the charge carriers and thus the inversion region to the mode area in the center of the device. In optically pumped VECSELs the extracted output power can easily be enhanced by increasing the pump spot size and the spatial mode due to the one-dimensional heat flow. For an EP-VECSEL this means that carrier confinement should also be scalable, to allow for an increased homogeneous inversion area, which also results in constraints on the contact design. However, the design of the top contact is constrained by the necessity to couple the light from the semiconductor part of the structure into the external cavity. Another obstacle in EP-VECSEL design is the high resistance of the distributed Bragg reflector (DBR) mirror, which has to be minimized to avoid excessive heating of the device. This can be circumvented by high doping levels in the DBR, which, however, are prohibitive in an EP-VECSEL due to the increased optical loss caused by FCA. Given the rather small round-trip gain achieved in vertical-emitting lasers, optical losses are critical in the device design. Furthermore, the device should yield a broad spectral range that is essential for achieving ultra-short pulses when mode locked by insertion of a saturable absorber. The growth and processing of the structure satisfying the above requirements should be kept as simple as possible to, eventually, allow for low-cost fabrication of the device.
In the following, we present the derivation of a recommended EP-VECSEL design starting with a device as shown in Fig. 1 and taking into account the primary design considerations outlined above. Even if the optimization of each parameter of the device is not independent of the others, we try to focus on distinct device components in each of the sections below for the sake of clarity. The implications of design variations in a certain component on the remainder of the structure are mentioned explicitly.
n-vs. p-doped DBR and contact geometry
In vertical-emitting laser devices like the VEC-SEL the gain per round trip is rather small due to the thin active region, resulting in the need for highly reflective distributed Bragg reflectors as cavity end mirrors. In the case of the VECSEL, one of the two end mirrors is replaced by a curved external mirror which is used to define the transverse mode profile. The device performance of EP-VECSELs is severely limited by the interface potential barriers within the DBR mirror, resulting in a high resistance. Driving the current through the mirrors thus yields a high power loss and Joule heating of the device, which in turn degrade its overall characteristics. Hence, a sophisticated design is necessary to facilitate electrical pumping, especially through p-doped DBRs where the low hole mobilities otherwise yield a prohibitively high device resistance. Several solutions like heavy doping, various types of mole fraction grading, and δ-doping of the interfaces have been developed to circumvent this problem in VCSELs [17, 23, 24] . Since the electron and hole mobilities as well as the conduction-band and valenceband offsets in an AlGaAs-based DBR differ significantly, different measures have to be taken for n-and p-DBRs in order to achieve acceptable device resistances. Investigations of p-DBR structures by simulation show that the interfaces between the quarter-wavelength layers have to be implemented with a mole fraction grading to facilitate laser operation (cf. Fig. 2 ). Another possibility to decrease the DBR resistance is the use of ternary AlGaAs layers instead of AlAs/GaAs interfaces, which reduces the band offset. However, the reflectivity of the mirror is also lowered and the number of layer pairs has to be increased in order to meet a fixed minimum reflectivity. Doping is another critical issue in DBRs since, on the one hand, it introduces additional FCA losses to the optical field but, on the other hand, it is essential for electrical pumping. Hence, moderate doping has to be applied in order to obtain a good trade off between low loss and low resistance. A reasonable p-DBR design features a 20-nm grading layer with a doping concentration of approximately N A = 2 × 10 18 cm −3 (see Fig. 2 ) and an n-DBR could be implemented as an Al 0.9 Ga 0.1 As/Al 0.2 Ga 0.8 As mirror without grading or a graded AlAs/GaAs mirror. The applied doping level equals that of the p-DBR. However, the FCA losses are approximately a factor of two smaller [25] in the n-doped mirror and it also exhibits a smaller resistance. Furthermore, the ungraded n-mirror allows for a simple growth. Thus, we could conclude that an n-doped rather than a p-doped DBR in Fig. 1 is preferred. However, the additional requirements for uniform current injection will determine the final doping selection.
The laser light emitted in the active region has to be coupled out into the external cavity, which renders a central top contact for current confinement impossible. Thus, a more sophisticated design of the top contact is necessary. A common solution to this problem in VCSELs is a ring contact on top of the device which is sometimes implemented as an intracavity ring contact to avoid pumping through the top mirror. In an EP-VECSEL there is either no top DBR or only a lowreflection, low-resistance mirror for gain enhancement [13] . An anti-reflection (AR) coating on top of the semiconductor part of the device should be applied to reduce structural dispersion and bandwidth filtering of the device. This is particularly important if the VECSEL is mode locked. Pumping through the AR coating can also be circumvented with a ring contact (see Fig. 10 ).
Using a design with a top ring contact and an unstructured bottom contact without any additional measures for current confinement, we obtain a design similar to the structure depicted in Fig. 3 with the difference that the bottom contact radius r 3 is equal to the device radius r 1 . However, this configuration yields spatial carrier distributions in the active region which are unsuitable for fundamental transverse mode operation with the field maximum in the center of the device. The n-DBR design, which provides a lower resistance and easier growth compared to the p-DBR structure, yields an increased charge-carrier concentration and thus inversion below the top contact already for small device radii (see Fig. 4a ). The p-mirror VECSEL allows for a flat spatial carrier distribution in small structures (cf. Fig. 4a ), but also fails in confining the current for usual VECSEL device radii (see Fig. 4b ). This contrast between p-and n-mirror design originates from the difference in electron and hole carrier mobilities. In order to enable current injection to the device center, the bottom contact could be implemented as a central disk contact with r 3 < r 1 , which can be seen in Fig. 3 . From an optical point of view the bottom contact is uncritical, because it is placed below the highly reflective DBR mirror where the laser field has strongly decayed. Nevertheless, simulations show that it plays a major role for the current confinement. If the bottom mirror is n-doped a central disk bottom contact slightly improves the radial carrier distributions in small devices, but the highest inversion is still obtained at the device boundary (cf. Fig. 4a) . Figure 4b shows the injected carrier concentration in the active region of a broad VECSEL structure with peaks close to the contact edges. Hence, an n-DBR design is not suitable for TEM 00 operation. Unlike the n-mirror structure, a p-DBR VECSEL with a disk contact allows for current confinement to the device center (see Fig. 4 ). This also holds true for large device radii, enabling power scaling even if the shape of the radial carrier distribution slightly deteriorates. Note that the results in Fig. 4 have been obtained with different applied biases due to the unequal resistances of the presented designs. The injected carrier concentration in the active region falls off very quickly for radial positions beyond the bottom contact radius r 3 in a p-DBR VECSEL (cf. Fig. 5a ). It is observed that, due to the hole mobility being much smaller than the electron mobility, there is hardly any carrier spread in the lateral direction in the p-mirror and the electrons injected from the top ring contact follow the spatial hole distribution. Since the hole current is confined by the bottom disk contact size, the device resistance scales inversely with the bottom contact radius in EP-VECSELs featuring a bottom p-DBR (cf. Fig. 5b ). This is advantageous for power scaling, which is obtained by increasing the lateral dimension of the device and the pumped region and thus by increasing the bottom contact size. In Fig. 5b it can further be seen that the device resistance is dominated by the hole current, since a change of the aperture radius r 2 keeping the bottom contact size yields only a minor resistance change. The influence of the bottom contact size on the device performance is much less in an n-doped bottom DBR design due to the high electron mobility, which leads to considerable current spreading in the mirror. Additionally, the holes injected via the ring top contact in a bottom n-DBR design spread much less than electrons before reaching the active QWs. Thus, uniform current injection into the active gain region cannot be achieved satisfactorily (cf. Fig. 4) . This makes the design of an EP-VECSEL with an n-doped DBR unfeasible, at least, if no additional carrier-confining elements are introduced into the device. In contrast, fundamental mode operation could be achieved in a p-DBR EP-VECSEL with a central bottom contact. Aside from the advantages of a disk bottom contact mentioned above, processing is complicated, since a central alignment of the disk contact has to be ensured.
Current-spreading layer or cap layer
Figure 5a reveals that larger mode areas supported by larger bottom contact radii demand additional measures to confine the carriers to the device center and thus increase FIGURE 5 Influence of the bottom contact radius r 3 for a device with a bottom p-DBR and an aperture radius r 2 on (a) the carrier distribution along the radial axis in the active gain region and (b) the device resistance the fundamental transverse mode gain. Simulations show that the aspect ratio of the top electron injection layer is too large, such that the electrons cannot reach the device center. Hence, a high-mobility cap or current-spreading layer is introduced below the top ring contact. Contacting a device while at the same time allowing for out-or in-coupling of light is quite a common problem in opto-electronic devices and a variety of cap-layer designs has been proposed. One possibility is the use of wide band gap oxide semiconductors like indium tin oxide (ITO) or zinc oxide (ZnO), which are widespread in the solar-cell market and have been applied to edge emitters and VCSELs [26, 27] . Another solution are highly doped GaAs layers. A low resistivity of the cap layer is desired to decrease overall device resistance (Joule heating) and enabling current confinement to the center of the device for maximum TEM 00 gain. This has to be combined with a low optical absorption to minimize the losses and a low contact resistance to the metal contact. Highly doped ITO films with doping concentrations as large as 2 × 10 21 cm −3 yield resistivities down to 1 × 10 −4 Ω cm [28] . ZnO films, which have been investigated more recently, are interesting due to [31, 32] , which is in the range of 1 × 10 21 cm −3 -doped n-ZnO [30] . The FCA absorption coefficient of doped GaAs is known to be α = 5 × 10 −18 cm 2 · n + 11 × 10 −18 cm 2 · p, where n and p denote the electron and hole densities, respectively. Using a planewave approach and neglecting standing wave effects the optical loss can be approximated by exp(α/2d), with d being the thickness of the cap layer. This yields a loss well below 1% for a highly doped 200-nm-thick current-spreading layer. This value can be further decreased if the layer resides in a standing wave node. Unlike GaAs, ITO and ZnO are transparent over the complete visual range, but exhibit rather high FCA losses of several percent for the same layer thickness in the nearinfrared region where InGaAs/AlGaAs VECSELs are oper-ated [27, 29] . This is due to the very high doping levels and low carrier mobilities in these materials. Other transparent conductive oxides might be available in the future, yielding lower FCA than highly doped GaAs at comparable resistivities [33] . However, in the design study presented, a GaAs cap layer is chosen due to the low loss and to simplify the growth of the structure. This allows in the same run the growth of an AR coating on top of the conducting layer to reduce the dispersion and improve mode-locking operation.
To exploit the power scalability of disk lasers, p-mirror VECSELs with an aperture radius r 2 of up to 100 µm and large bottom contact radii should be feasible. In such devices a thin highly doped cap layer as applied in VCSELs [17] is not sufficient to obtain uniform current injection at the device center. However, the uniformity of the injected charge-carrier distribution above the bottom contact can be enhanced by increasing the cap-layer thickness or doping concentration, as can be seen in Fig. 6a . The larger doping concentration leads to a decrease of the resistivity of the top layer, yielding a lower overall device resistance and a smaller resistance to current flow from the ring contact to the center of the device. The increased layer thickness has a similar effect, since it reduces the sheet resistance to radial current flow and thus the device resistance (cf. Fig. 6b ). The result is the above-mentioned greater uniformity of the pumped carrier concentrations in the active region. However, an increased thickness as well as higher doping of the top layer increase the optical loss due to FCA. The additional round trip FCA loss introduced by an n-doped top layer can be given as exp(−5 × 10 Fig. 6a show that, for greater thickness and lower doping at a fixed d × N D value, a more uniform radial carrier distribution is obtained. Moreover, a larger backcontact radius for a broader mode and higher output power demands a greater top-layer thickness, which can be seen on comparing Figs. 6a and 7. Thus, a moderately doped thick FIGURE 7 Carrier distribution along the radial axis in the active region. The device exhibits a bottom contact radius r 3 = 25 µm, an aperture radius r 2 = 50 µm, and a bottom p-DBR. Doping is given in cm −3
GaAs cap layer is combined with a thin highly doped GaAs cap layer, which allows for satisfactory contacting of the device. The highly doped layer should be placed into a standing wave node to minimize optical losses. However, the alignment is hindered by the large layer thickness underneath. In a p-mirror design the thick current-spreading layer within the cavity is n-doped with approximately half the FCA compared to a p-doped layer. Furthermore, the optical intensity decreases very fast in the p-mirror. Thus, a p-mirror design is also superior to an n-DBR VECSEL in terms of optical losses. Cap layers comprising hitherto available transparent conducting oxides like ITO or ZnO are also detrimental to the device performance. This is due to their higher optical loss at the operation wavelength compared to GaAs layers with the same resistivity. For the choice of the cap-layer thickness and doping a trade off between device resistance and current confinement on the one hand and optical loss on the other hand has to be found.
3.3
Tunnel junctions and oxides
The simulation results in the preceding sections showed that an n-DBR VECSEL cannot be satisfactorily pumped electrically without additional carrier-confining elements. Such structures, like tunnel junctions [34] or oxide barriers [35] , which have been applied in VCSEL design, could also be integrated between the active region and the top ring contact of a VECSEL. However, an oxide barrier influences the optical mode and, therefore, has to be located at the node of the standing wave to minimize this effect. Furthermore, the oxidation makes the device processing more difficult. Another disadvantage of the oxide barrier is current crowding occurring at the oxide-barrier tip, which leads to a strongly nonuniform spatial carrier distribution in the active region (cf. Fig. 8 ) for devices with large lateral dimensions and an n-type bottom mirror. Hence, this design is not suitable for maximizing the fundamental transverse mode gain in VECSELs. A structured tunnel junction for current FIGURE 8 Carrier distribution along the radial axis in the active region. The device exhibits a current confinement structure with 15-µm aperture, r 2 = 30 µm, and a bottom n-DBR FIGURE 9 Refractive index and field profile of the active region with a low-reflective top DBR for confinement-factor enhancement confinement demands sophisticated growth and processing. Furthermore, it introduces additional FCA loss due to the high doping concentrations (∼ 1 × 10 20 cm −3 ). This prohibits laser operation if the tunnel junction is not placed in the node of the standing wave. While this approach, like an oxide barrier, works well for device radii as found in VCSELs, it does not yield a satisfactory spatial carrier distribution in the gain QWs (see Fig. 8 ) of an n-DBR VECSEL. The difference between the tunnel junction and oxide confinement is due to the fact that, in the case of the oxide confinement, holes with a low mobility are injected from the top contact. In contrast, in a tunnel junction design, electrons with higher mobility are injected from the ring contact. Comparing the results for these designs with the p-DBR design with central bottom contact (cf. Fig. 7) illustrates the superior carrier-confinement capabilities of the latter, which allow for scaling of the mode area to obtain high output powers. This is not possible with an n-DBR design, even if a tunnel junction or oxide barrier is included. In p-DBR devices with a central disk bottom contact and oxide barriers or structured tunnel junctions below the top contact, simulations yield a radial QW carrier distribution comparable to the same device without these additional confining structures. In addition to the top contact and cap-layer designs above there are also approaches with thin metal current-spreading layers [36] , which have been demonstrated in VCSELs. However, the alignment of such layers is very critical to avoid prohibitive optical losses and simulations showed no satisfactory current injection for the large device radii of VECSELs.
3.4
Gain region
The optical losses in an EP-VECSEL structure with a thick n-doped top layer for current spreading are rather high. These losses have to be compensated by an active region with sufficient modal gain. To achieve maximum mode gain, the active QWs have to reside in standing wave antinodes, which corresponds to a high enhancement factor for the electric field distribution [37] . Usually, several QWs are placed into one antinode, but their number is limited by the width of the standing wave peak. If higher gain is desired, two groups of QWs can be arranged in adjacent field maxima. Another possibility is the increase of the enhancement factor by introducing a low-reflective DBR between the active gain region and the cap layer (see Fig. 9 ), which also reduces the cavity losses by decreasing the field strength in the doped top layer. However, the sub-cavity between the two DBRs has a strong spectral filtering effect [3] , which reduces the bandwidth of the device. Hence, the minimum achievable pulse width by mode locking is increased. Without an AR coating on top of the device, the thick cap layer would result in a second subcavity, further deteriorating device performance.
3.5
Final design and mode locking
Taking into account all of the above considerations, the EP-VECSEL structure depicted in Fig. 10 eventually emerges as the best suited for power scaling among the presented designs. Its optical loss, which is introduced mainly by the thick n-doped cap layer, must be compensated by a large mode gain. However, FCA losses are smaller than in designs with a p-doped current-spreading layer. The resistance of the device can be kept moderate by grading the heterointerfaces in the p-mirror. Furthermore, apart from the interface grading and bottom contact alignment the growth and processing is kept as easy as possible. Note that a design with a bottom n-DBR is not suitable for fundamental transverse mode operation in large-area laser structures due to the poor carrier confinement.
The presented design is suitable to be directly mode locked using an external SESAM as demonstrated in optically pumped VECSELs (OP-VECSELs) [4] . Quantum-dot SESAMS (QD-SESAMs) have been successfully developed for 1 : 1 mode locking, where the spot sizes on the VECSEL and the SESAM are equal [38] . This is required for the integration of the absorber into the VECSEL. Such integration has been recently demonstrated with the optically pumped MIXSEL (OP-MIXSEL) [10] . For stable mode-locking operation, the saturation energy of the absorber has to be lower than for the gain [4, 10] . The ratio can be controlled by the field enhancement and the intrinsic absorber properties [37] . In the OP-MIXSEL [10] , the saturable absorber has a higher field enhancement and QDs have been used to lower the modulation depth by adjusting the quantum-dot density ac-FIGURE 10 Sketch of the optimized EP-VECSEL design (not to scale) cordingly. A single QD absorber layer was sufficient for stable passive mode locking.
The best current EP-VECSEL design as shown in Fig. 10 has the added advantage that it is compatible with an EP-MIXSEL design. The QD SESAM absorber would ideally be integrated in the unpumped AR coating section. This section can be designed to obtain the required field enhancement in the absorber and to couple the light out of the EP-MIXSEL with minimized reflections for good mode locking.
C o n c l u s i o n
We have presented a systematic design optimization of EP-VECSELs backed by numerical simulations. A drift-diffusion model has been used for the carrier transport and a transfer-matrix method for optical loss simulation. Simulations show that a n-doped bottom mirror is not suited to provide fundamental transverse mode operation in a largearea VECSEL. Furthermore, the superiority of a structured bottom contact to tunnel junctions and oxide barriers for carrier confinement in the active region is pointed out. The p-DBR as well as the cap layer and active region have been investigated in detail and an optimized EP-VECSEL structure has been derived.
Future work will be devoted to coupled electro-optical simulations above threshold and electro-opto-thermal simulations including a thermodynamic model accounting for self heating of the device.
